This study addresses a mechanism by which a diamond surface cleaned with a H 2 SO 4 /H 2 O 2 mixture forms a direct bonding with an oxygenplasma-activated SiO 2 surface. Surface characterizations revealed that the cleaning with the H 2 SO 4 /H 2 O 2 mixture at 75°C effectively OHterminated the diamond (111) surface without a significant increase in the surface roughness. The OH-terminated diamond and SiO 2 /Si substrates formed a C-O-Si bond by thermal dehydration reaction at 200°C without significant loss in diamond crystallinity. It is expected that the bonding technique using H 2 SO 4 /H 2 O 2 can contribute to the integration between diamond and semiconductor substrates because the high-crystallinity diamond substrate can be directly bonded through the commonly used cleaning processes.
Hydrophilic direct bonding of diamond (111) substrate using treatment with H 2 SO 4 /H 2 O 2
Introduction
Owing to the physical properties of diamond, such as thermal conductivity of ∼2000 W/m k −1 and breakdown field strength of 20 MV cm −1 , 1,2) a number of researchers have developed advanced diamond electronic devices, including as high frequency 3) and high power devices. [4] [5] [6] It has been expected that the mass production of the diamond devices can be realized by a transfer of diamond device substrates on Si support substrates. 7, 8) Moreover, the integration of device and diamond substrates enables efficient heat dissipation. [9] [10] [11] Semiconductor substrates are commonly integrated by solder bonding; however, the solder layer prevents the heat dissipation because the thermal conductivity of solder materials are low (∼20-100 W/m k −1 ). To fully utilize the extraordinary physical properties of diamond, it is preferable to achieve a direct bonding between diamond and semiconductor substrates. It was reported that thermo-compression bonding of diamond and Si substrates requires bonding temperature around 1150°C under ultra-high vacuum (UHV) conditions, 12, 13) which causes cracking in substrates and ∼40 nm thick amorphous layer at the bonding interface. To bond diamond at low temperatures, J. Liang et al. realized room-temperature bonding between the diamond and Si substrates using a surface activated bonding (SAB) method. 7, 8) In SAB, surfaces are sputter-etched and subsequently contacted with each other. However, the UHV system is necessary, and moreover, ∼20 nm thick amorphous carbon layer is generated on the diamond surface. It is favored to form the direct bonding under atmospheric conditions without loss in diamond crystallinity for the device production.
Meanwhile, our previous study demonstrated that the direct bonding between the diamond and Si substrates employing hydrophilic bonding. 14, 15) In hydrophilic bonding, OH-terminated substrates form chemical bonds by a thermal dehydration reaction across the bonding interface. In the report, a diamond (111) substrate cleaned with a sulfuric acid (H 2 SO 4 ) hydrogen peroxide (H 2 O 2 ) mixture (SPM) formed a direct bonding with an oxygen-plasma-activated Si substrate. One of the primary advantages is that the adhesion occurs by commonly used substrate cleaning processes followed by low-temperature annealing under atmospheric conditions. Moreover, as hydrophilic bonding enables direct bonding of various kinds of semiconductor materials, such as Si, [16] [17] [18] [19] [20] SiO 2 , 19, 20) InP, 21) GaAs, 22, 23) GaN, 23) 25) it is expected that the diamond substrate can form the direct bonding with these materials by the proposed method.
However, the previous report was limited to perform the bonding experiment. The bonding mechanism of the diamond substrate cleaned with SPM remained unclear. The present study addressed the mechanism by surface and interface characterizations. In this study, the diamond (111) substrate was bonded onto a thermally oxidized SiO 2 /Si substrate, which has been well established in the research field of hydrophilic bonding. [16] [17] [18] [19] [20] Furthermore, it is suitable to investigate the mechanism because molecules generated during hydrophilic bonding (e.g. H 2 O and H 2 ) can efficiently diffuse through the SiO 2 layer. 26) 
Experimental methods
Monocrystalline diamond substrates (from EDP Corp.) were bonded onto SiO 2 /Si substrates, as illustrated in Fig. 1 . The diamond substrates were 3 mm square specimens of thickness 0.3 mm with a 3°off-angled (111)-oriented surface. The SiO 2 /Si substrate had a thermally grown SiO 2 layer of thickness 300 nm on a (100)-oriented Si surface.
The diamond substrates were cleaned and simultaneously OH-terminated with the SPM for 10 min, then rinsed with deionized water for 5 min. The temperature of SPM was controlled at 61°C, 68°C, 75°C, 82°C, 89°C, 96°C, 103°C, 110°C ± 2°C. The ratio of H 2 SO 4 :H 2 O 2 was fixed to 4:1. Meanwhile, the SiO 2 /Si substrates were activated by oxygen-plasma at 200 W in 60 Pa for 30 s using our reactive ion etching equipment (WAP-1000 from Bondtech Co., Ltd). This plasma condition enables strong homogeneous bonding between SiO 2 surfaces. After the pre-bonding steps, the diamond substrate was placed onto the SiO 2 /Si substrate without bonding pressure under atmospheric conditions. The contacting step was performed on a Peltier cooler at ∼10°C to increase adsorbed water molecules for water-mediated hydrogen bonds between the substrates. After ∼3 d, the contacted specimens were annealed at 200°C for 24 h for bonding formation.
The bonding strength was measured using a shear tester (4000plus from Nordson DAGE). The surface properties of diamond substrate were investigated using attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR, FT/IR-6600 from JASCO Corp.), X-ray photoelectron spectroscopy (XPS, Theta Probe from Thermo VG Scientific), and atomic force microscope (AFM, L-trace from Hitachi). The FTIR was also used to characterize the chemical bonding state at the bonding interface. The nanostructure around the bonding interface was investigated using transmission electron microscope (TEM, H-9500 from Hitachi High-Technologies Corp.).
Results and discussion

Effect of SPM on diamond surface and bonding strength
The bonding strength and the surface properties were studied while changing the SPM cleaning temperatures. Figure 2 (a) summarizes the shear strength of specimens bonded under different SPM cleaning temperatures. By the SPM at 61°C and 68°C, the specimens were poorly bonded. The measured shear strength was ∼0. 15 MPa under those conditions. The SPM cleaning at 75°C achieved the highest shear strength of 7.2 and 8.7 MPa. The bonding experiments under this condition was performed twice for confirmation. Over 75°C, however, the shear strength tended to decrease with the increase in the SPM cleaning temperatures. While the SPM cleaning in semiconductor industries is generally performed at ∼100°C-150°C, our results indicated that the preferred temperature for the bonding of diamond is around 75°C. The substrates were mostly bonded when the SPM cleaning temperatures were 75°C or greater, as shown in Fig. 2(b) . The unbonded areas are attributed to particles or the edge sagging of the diamond substrate.
The surface functional groups of diamond surfaces were characterized using ATR-FTIR. Figure 3 displays the infrared absorption spectra with an air background with a resolution of 4 cm −1 and 256 scans. The spectra were obtained from diamond surfaces before cleaning, after the SPM cleaning, and after H termination with hydrogen atoms (700°C, 15 min). The peaks at ∼3200 as well as 1448, ∼2900, 1223, and 1056 cm −1 are because of C-OH, C-H, C-O-C, and C-O bonds, respectively. 27, 28) By the SPM cleaning, the height of peak corresponding to the C-H bond was reduced, and the peaks of the C-OH and C-O-C bonds appeared on the diamond surface. In particular, the peak of C-O-C bond significantly increased by the SPM at 82°C.
Moreover, chemical compositions of diamond surfaces were investigated using XPS. Figure 4 shows a wide scan spectrum as well as narrow scan spectra for C 1s, O 1s, and S 2p. Unfortunately, the peaks in the C 1s and O 1s regions cannot be distinguished between organic contaminants or the surface functional groups of the diamond. Before the SPM cleaning, signals in the S 2p region were not detected on the surface. In this region, however, small signals were observed after the SPM cleaning at 68°C and 75°C. Moreover, after the SPM at 82°C, the peaks at 168 and 532 eV in S 2p and O 1s regions considerably rose, respectively. These peak positions suggested the presence of a residual sulfuric acid on the diamond surface.
In addition to the surface chemical states, surface roughness is another key factor in direct bonding. It is known that a root mean square (RMS) surface roughness is preferably 5 nm or less. 29) Figure 5 (a) summarizes the RMS roughness calculated using AFM profiles of diamond surfaces. The RMS roughness was 0.3 nm before the SPM cleaning. It slightly increased to ∼0.4 nm by the SPM at 68°C-96°C. However, it significantly rose to 0.9 nm after the SPM at 110°C. As displayed in Fig. 5(b) , the diamond substrate had ∼1 nm height steps because of the off-angle. However, they disappeared in the case of the SPM at 110°C, as shown in Fig. 5(c) . As bubbles were furiously formed on the diamond surface in the SPM at 110°C, it is supposed that the hightemperature SPM cleaning significantly etched the diamond surface.
Investigation of bonding interface
The chemical and physical characterizations of the bonded interface were performed using the strongly bonded specimen, which was obtained employing the SPM cleaning at 75°C. Figure 6 displays a FTIR transmission spectrum of the bonded specimen. As illustrated in Fig. 6 , the reference spectrum was obtained using the SiO 2 /Si substrate used in the bonding experiment but the area without the diamond substrate. The spectrum was obtained with a resolution of 4 cm −1 and 256 scans. It is known that the characteristic peaks of Si-O-Si and C-O-Si bonds are at around 1050 and 1100 cm −1 , respectively. 27) In the spectrum, the main peak is attributed to the C-O-Si bond and the shoulder peak at around 1050 cm −1 corresponds to the Si-O-Si bond.
Figures 7(a) and 7(b) provide TEM images of the bonding interface between SiO 2 and diamond (111) surfaces. For the investigation, the Si substrate was ground to ∼30 μm thick, and subsequently, the ultra-thin specimen was prepared using focused ion beam (FIB). In Fig. 7(a) , the incident direction of the electron beam was parallel with steps and kinks on the diamond substrate. It is known that the oxygen-plasma activation caused a low-density SiO 2 layer that can deform and fill nanogaps at the bonded interface due to adhesion. 20) Thus, the periodic steps on the diamond surface, which are observed in the AFM image [ Fig. 5(b) ], were supposed to be filled by the deformation of SiO 2 . In Fig. 7(b) , the specimen was tilted so that the electron beam is parallel to the C 〈110〉 direction. A darker region was observed at the bonding interface; it was attributed to the difference in directions between the electron beam and the steps and kinks. An image of the diamond lattice was obtained even in the near-interface region.
Moreover, Fig. 7 (c) provides the normalized C K-edge EELS spectra at the points shown in Fig. 7(a) and the diamond substrate region. Peaks were obtained at approximately 286, 294, 300, and 307 eV at the diamond substrate region as well as the bonding interface. The first and second K-shell ionization loss peaks of sp 2 carbon are at 286 and 294 eV, respectively. In contrast, the first, second, and third K-shell ionization loss peaks of sp 3 carbon are at 294, 300, and 307 eV, respectively. Thus, the peaks at 300 and 307 eV indicates the presence of crystalline diamond. The increase in the signal around 286 eV at the bonding interface indicates the presence of sp 2 carbon. It is supposed that the sp 2 carbon was originally present on the surface, caused in the bonding procedure, and/or formed by FIB. Meanwhile, in the previous study regarding SAB, the lattice image and characteristic peaks of crystalline diamond were not obtained at the bonding interface, owing to the ∼20 nm thick amorphous carbon layer. 7, 8) 
Discussion
The diamond substrates cleaned with the SPM at low temperatures (⩽68°C) was poorly bonded with the SiO 2 /Si substrates. The possible reason is that the surface cleaning was insufficient and thus contaminants prevented the bonding formation. The SPM at 75°C maximized the bonding strength, and the strength decreased with the increase of SPM cleaning temperatures. The surface analysis revealed that amounts of the C-O-C groups and a residual sulfuric acid on the surface was increased by the SPM at 82°C. They presumably further increase by the SPM at higher temperatures (>82°C). This is the possible reason for the decreased bonding strength in the case of the high-temperature SPM cleaning.
It was suggested that the SPM cleaning at 75°C effectively functionalized the diamond (111) surface with the C-OH groups without a significant increase in the surface roughness. Additionally, the FTIR transmission revealed that the C-O-Si bond was generated between the diamond and SiO 2 surfaces by the annealing process. Meanwhile, it is known that the oxygen-plasma-activated SiO 2 surface is covered with Si-OH groups that can cause dehydration reaction. 30) Thus, it is considered that the following reaction (1) occurred across the diamond and SiO 2 surfaces
Moreover, it has been established that water molecules generated by the reaction (1) permeate into a SiO 2 film and react with Si bulk as the reaction (2) 26)
The increase in the thickness of the SiO 2 layer, which the FTIR transmission spectra (Fig. 6) indicated, was presumably due to the reaction (2). Then, H 2 molecules are considered to diffuse through a SiO 2 film and/or interface. 26) 
Conclusions
The diamond (111) substrate cleaned with SPM was bonded with the SiO 2 /Si substrate irradiated by oxygen-plasma. The shear strength was maximized at 8.7 MPa by the SPM at 75°C. AFM indicated that the diamond (111) surface cleaned with SPM at ⩽96°C was sufficiently smooth for direct bonding. ATR-FTIR revealed that the SPM at 75°C efficiently functionalized the diamond (111) surface with OH groups; however, the SPM at higher temperatures increased the amounts of C-O-C groups and residual sulfuric acid on the diamond surface, which decreased the bonding strength. The interfacial analysis through FTIR suggested that the C-O-Si bonds were generated between the substrates. TEM observation suggested that the periodic steps on the diamond surface were filled with deformed SiO 2 and the crystallinity of diamond was rarely damaged. The surface and interfacial analysis provide the bonding mechanism; the OH-terminated diamond and SiO 2 /Si substrates formed the C-O-Si bonds across the bonding interface. The proposed bonding technique would contribute to the fabrication of devices using diamond because the high-crystallinity diamond substrate can be directly bonded with semiconductor substrates by the commonly used cleaning process and low-temperature annealing under atmospheric conditions.
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